Decay of trachyte used as building stone in urban environment was investigated through the analysis of crusts and patinas found on trachyte of the Euganean Hills in the Renaissance city walls of Padua, northeastern Italy. Mineralogical and microstructural characteristics of the alteration products, as well as major-and trace-element chemical composition, were determined by optical microscopy, SEM-EDS and X-ray mapping, XRPD, and LA-ICPMS. The results are discussed referring to environmental parameters, in particular concerning air quality and anthropic pollution sources. The influence of composition of the stone and other neighboring materials on specific weathering processes is also debated. The formation of crusts and patinas turns out to be mainly due to exogenous processes. Enrichment in heavy metals and carbonaceous matter derives from the deposition of particulate emitted during fuel combustion by road vehicles, domestic heating and, secondarily, industrial activities. The particulate is typically cemented by calcite, mainly mobilized after dissolution from nearby mortar joints, or iron, released by leaching from iron-bearing minerals, reprecipitated according to pH fluctuations. Gypsum layers were rarely observed. Generally, composition of the weathering crusts and patinas of Euganean trachyte proves to be an informative marker for the relevant environmental conditions and their evolution.
Introduction
Air quality is a key factor affecting stone weathering in urban environment, where concentration of stoneworks is generally large and, at the same time, human activities are intense and diverse. The latter change in time and space, and so does their contribution to pollution. Time variations in quantity and quality of pollutant emissions strongly depend on changes in fuel use [1] . SO 2 emissions have represented a major concern until the 20th century, but considerably declined in Europe during the last decades, by one or two orders of magnitude in cities, determining a general improvement of air quality [2] ; however, globally, increasing coal demand according to recent projections [3] [4] [5] and, for example, the latest changes in climate policies in the USA [6] , may revert this tendency.
Nowadays, the higher concentration of other pollutants, such as N oxides (NO x ), particulate matter (PM), and O 3 , must be reassessed. Road transport, domestic heating, industry, and power plants are the main pollution sources in urban areas, but their relative importance has changed with time as well [7] .
In the modern urban environment, a multi-pollutant scenario arises with a major incidence of airborne particulate, having high concentration of elemental C (soot) and volatile organic compounds (VOC), with fuel combustion from road traffic as the main contributor [8, 9] . This carbonaceous matter exhibits high specific surface area and contains heavy metals and aluminum-silicon particles, which act as catalysts and adsorbents for organic compounds [10] . Pollutant interaction with stone preferentially occurs through short-range dry deposition. Overall, the well-known processes of crust formation are becoming less significant in favor of soiling, characterized by an increasing enrichment in organic C, i.e., aliphatic and polycyclic aromatic hydrocarbons [11] [12] [13] [14] . In urban environment, dry deposition is more significant than wet deposition, but a notable danger is still represented by short drizzles, fog, and dew, which have higher pH, do not remove previous acid deposits, and provide sufficient moisture for their chemical activation [15] [16] [17] .
Most studies on the interaction between building stone and urban environment have focused so far on weathering of carbonate rocks, their dissolution, and formation of gypsum crusts [18] ; other rock types have been investigated more rarely.
Deterioration of trachyte has also received scarce attention in the literature, not only because of its generally good durability. In fact, its use is historically less common if compared to other volcanic rocks, i.e., tuff above all, andesite, and basalt. These rock types have been quarried in Europe, Latin America, Middle and Far East and so on, and employed by some of the most important ancient civilizations, like the Romans, Egyptians, Greeks, Incas, and Aztecs [19, 20] . Trachyte use has not been such widespread, with an exploitation mostly limited to Europe, namely Italy, Germany, Czech Republic, and France, as well as the Azores and Canary Islands.
Most studies on trachyte weathering have focused on coastal salt-aggressive environments, such as those of Venice and Naples in Italy, and the Azores islands. Several deterioration patterns have been observed, including scaling, powdering, exfoliation, blistering, differential erosion, and efflorescence. They result to be mainly determined by cyclic processes of in-pore salt crystallization related to sea-salt supply. The phases involved are halite, gypsum, thenardite, and mirabilite and, in indoor environments, also trona and natron [21] [22] [23] [24] . Only Lazzarini et al. [23] have addressed in detail the on-site decay of trachyte of the Euganean Hills, subject of the present paper; in this regard, Germinario et al. [25] , in a recent work, explored the link between the changing petrophysical and mechanical properties of that stone and its diverse durability and resistance to water-driven weathering.
Few studies have also focused on trachyte used in inland continental climates, as in Czech Republic [26] and Germany [27] . In particular, Graue et al. [27] have examined weathering crusts of trachyte in industrial, urban and rural environments, showing how their thickness, grain size, and enrichment in heavy metals and other exogenous components well correlate with different degrees and sources of anthropogenic air pollution.
In this paper, the problem of trachyte decay in urban environment is tackled investigating the mineralogical, microstructural and chemical characteristics of weathering crusts and patinas detected on trachyte of the Euganean Hills used in the Renaissance city walls of Padua, in northern Italy. Trachyte alteration is discussed referring to environmental parameters, in particular concerning air quality and anthropic pollution sources, which are examined based on measured or modeled pollution data and placed in a cause-effect relationship with the weathering products. The influence of composition of the stone and other neighboring materials on specific weathering processes is also debated.
The city walls of Padua
Padua has a composite wall system surrounding the historical district gone through millennia of history and several layouts and building phases, dated to the Roman age, the Middle Ages (12th-14th century), and, finally, the Renaissance.
The latest wall circuit, the best preserved today, was built roughly following the previous Medieval perimeter by the Republic of Venice Serenissima, an ancient state of northern Italy (697-1797). The supremacy of Serenissima in Padua began in 1405, but the works for new defensive walls started one century later, during and after the war with the League of Cambrai, an alliance formed in 1508 by the major European powers attempting to hinder the expansionist goals of Venice. The difficulties encountered in defending Padua, the most important mainland city, and the ongoing technological military innovations forced Serenissima to plan the construction of a new fortification system. This started in 1513 and continued until half of the century, with the realization of walls with an 11 km perimeter, 19 bastions, 8 gates, and several bridges, protected by moats, rivers, and channels ( Fig. 1) . What can be seen today is the result of the extensive modifications and demolitions of several parts of the curtain walls and two gates occurred under urbanization pressure from the 19th century [28, 29] .
The Renaissance wall system was built almost completely using bricks for the outer surfaces, with a core filled with rubble of bricks and stones consolidated with mortar. Trachyte was used not only as stone blocks in the core. It was employed for stringcourses, parapets, ashlars on angular ends of the bastions and other minor elements, as well as for building some of the gates (Porta Savonarola, Porta San Giovanni, Porta Santa Croce, and Porta Liviana-Pontecorvo).
A set of 22 trachyte samples was collected on four different segments of the Renaissance walls for analyzing their weathering crusts and patinas. Stringcourses on curtains and roundels as well as ashlars of an angled bastion were sampled, their localization being indicated in Fig. 2 . During sampling, spots with different exposure were chosen; in the case of stringcourses, samples from the upper, frontal and lower surface were collected. To our knowledge, no cleaning restoration intervention was ever carried out on the sampled stone elements.
Euganean trachyte
The trachyte used in the Renaissance walls was extracted in the quarry district of the Euganean Hills, a group of hills located near Padua formed by a sedimentary succession of limestones and marls of the upper Jurassic-lower Oligocene, a Paleogene volcanic and hypabyssal series, and Quaternary detrital deposits. Trachytes are ascribable to a subvolcanic series dated to the lower Oligocene, and have acid to intermediate composition and moderate Na-alkaline affinity [30, 31] .
From a petrographic point of view, Euganean trachyte is a holocrystalline to hypocrystalline rock with porphyritic texture and a mineralogical composition given mostly by feldspars (anorthoclase, plagioclase, and sanidine, in diverse combination), biotite and, occasionally, augite and kaersutite. The accessory minerals typically comprise quartz, cristobalite, Ti-magnetite, ilmenite, apatite, and zircon. Groundmass is composed by alkalifeldspar microlites usually with a felty texture, or sometimes showing preferred orientations [32] . The exploitation of Euganean trachyte started in PreProtohistory, but became more intense from Roman times. This material has been extensively used as carving and building stone in northern and central Italy and nearby its borders. Querns, mortars, cippi, milestones, steles, urns, tombstones, and sarcophagi comprise the most common artifacts crafted with trachyte all through the centuries. Euganean trachyte was widely used in the built environment too, as an instance for the admirable roads and other great infrastructure of the Roman age or the monumental architecture and construction from the Middle Ages and Renaissance. Indeed, with the rise of the Republic of Venice Serenissima, stone construction was given a substantial boost, and trachyte was largely employed in public buildings, churches, monasteries, monumental gates, defensive walls and private residences, as well as for paving squares and streets; the most striking examples can be admired in Padua and Venice ( [32, 33] and references therein).
Experimental methods
The trachyte samples collected on the walls of Padua were analyzed in order to determine their mineralogical, microstructural and chemical characteristics, using the facilities of the Geoscience Center of Georg-August-Universität Göttingen.
Rock thin sections both parallel and perpendicular to the exposed surface were investigated with a polarizedlight microscope and a field-emission scanning electron microscope (FE-SEM) FEI Quanta 200 FEG equipped with a ZrO/W Schottky field-emission gun and detector for energy-dispersive X-ray spectroscopy (EDS). In addition to usual observations and phase identifications, carried out on gold-coated samples, the SEM was used for acquiring X-ray elemental maps of selected cross sections, operating at 20 kV acceleration voltage, and scanning a grid of 512 × 400 pixels with a dwell time of 300 ms.
Powdery and incoherent samples were analyzed by X-ray powder diffraction (XRPD) with a Philips PW 1800 Furthermore, analyses by laser ablation inductively coupled plasma mass spectrometry (LA-ICPMS) were performed in order to determine major-and trace-element composition of both the altered layers and fresh host rock. The latter, prepared as polished samples embedded in epoxy, was analyzed with a Thermo Scientific Element 2 double-focusing magnetic-sector spectrometer coupled to a Resonetics Resolution 193 nm Ar-F excimer laser; data were acquired along 1.5 mm-long profiles and average compositions calculated. Instead, the crusts and patinas were analyzed as they are, given the difficulty in preparing polished sections due to their limited thickness. For these samples, a Perkin Elmer ELAN DRC II quadrupole spectrometer was used coupled to a Lambda Physik COMPex 110 193 nm Ar-F excimer laser. Data were acquired on profiles on the entire sample surface (centimetric in size) and average compositions calculated. Both lasers operated at 7 Hz repetition rate, 3 J/cm 2 fluence, 7 µm/s velocity, and using a spot size of 120 µm. Element concentrations were calculated with Iolite v2.5 software package, by a script based on the following procedure: the LA-ICPMS signal is first smoothed by ratioing to an appropriate denominator isotope present in the sample and standard ( 29 Si); the element ratios are standardized with NIST 610 glass reference material; then, they are normalized to oxides sum to reach 100%, including all the elements [34] .
Weathering analysis

Mineralogy and microstructure
Microscopic observations reveal that the thickness of the weathering crusts and patinas on the exposed surfaces is rather limited, often below few tens of micrometers, and only exceptionally may reach few hundreds of micrometers. Sometimes, powdery and incoherent deposits are also observed.
Almost all the samples have a high C content, responsible for the black-greyish color of many crusts and patinas. Subspherical carbonaceous particles may be isolated, grouped in small clusters ( Fig. 3a) , or form extensive layers, possibly displaying fractures and microcracks (Fig. 3b ). Soot represents a container for further accumulation of pollutants, indeed it may be rich in heavy metals, especially Pb, or include exogenous quartz, aluminosilicate minerals, chlorides, Al oxides, etc.
The airborne carbonaceous pollutants are frequently trapped in crusts formed by microcrystalline calcite and, secondarily, dolomite (Fig. 4) . The high concentration of these phases cannot be traced back to trachyte composition, since they are originally present in low or negligible amount. A high content of quartz is often detected as well.
The carbonaceous particles may be also associated with a matrix rich in Fe, present as oxides and hydroxides or in amorphous state, giving a general brown-reddish color, in possible combination with carbonates ( Fig. 3c) .
In the thinnest patinas, there are virtually no intermediate alteration layers between the host rock and the carbonaceous components, the adhesion of which takes place directly on the feldspars constituting the substrate; their fine grain size and crumbled appearance, which creates a porous surface favoring C deposition, suggests former processes of granular disintegration. C accumulates mainly on the groundmass or fine-grained phenocrysts, taking advantage of intercrystalline spaces and higher porosity, whereas large phenocrysts are less affected (Fig. 3d) .
Gypsum crusts are detected on a single sample, very close to a mortar splash by the joint of two trachyte blocks. Its collocation, on the lower side of a stringcourse, was a shelter against direct rainfall and washing out. The microscopic investigation revealed a complex stratigraphy (Fig. 5) . The superficial layer is composed of a network of acicular or tabular gypsum crystals with rosette-like intergrowths, which embeds carbonaceous particles, but in rather low concentration. The second underlying layer is composed of amorphous silica. The third layer is constituted mostly of calcite, directly crystallized on the host rock. The presence of separate gypsum and calcite levels suggests a slow-rate alteration process, started with the crystallization and growth of a carbonate layer and its later, partial reaction with S, mostly limited to its outermost part. The gypsum layer represents a rather compact domain, whereas the underlying host rock shows a high degree of fracturing.
The XRPD analyses of powdery and incoherent deposits sampled on trachyte confirm the occurrence of some of the mineral phases detected through the SEM observations and microanalyses. Quartz, calcite, and dolomite are the major components, while the other identified phases comprise minerals from the host rock, like feldspars and biotite, or from their alteration, such as illite and chlorite (Fig. 6 ).
Major-and trace-element composition
The LA-ICPMS analyses of major elements (Table 1) substantially confirm the occurrence of two main alteration types, characterized by a high concentration of calcite and Fe. If the average composition of Euganean trachyte in Germinario et al. [32] is taken as reference, the calcite crusts and patinas show an increase of CaO by a factor from 7 up to 60, corresponding to a maximum concentration of 86%. At the same time, a decrease in the content of SiO 2 , Al 2 O 3 , Na 2 O, and K 2 O is always evident, up to a maximum of 87, 93, 97, and 98%, respectively. A modest increase of MgO, associated with dolomite presence, is also noticeable. The different ratios between CaO and the feldspar-related elements reveal different degrees of alteration and homogeneity of the weathering layers, hence to what extent the silicate host rock has been obliterated by newly formed phases. As pointed out before, enrichment in carbonates and Fe may be associated but, when the latter is predominant, a Fe increase by a factor up to 6.5 is recorded. Although a general surface sulfation is often evident, only in the gypsum crust a large increase in SO 3 is reported, by a factor of 2487, corresponding to a concentration of 25%, which almost completely hides the silicate composition of the host rock, in association with the high content of CaO.
Further indications are given by the concentration of trace elements (a selection is reported in Table 2 , while the complete dataset is included in Additional file 1). In comparison to the host rock, a remarkable enrichment in heavy metals of the crusts/patinas is evident (Fig. 7) , especially in V, Cr, Ni, Cu, Zn, As, Cd, Sn, Sb, Pb, and Bi. As an instance, Pb results to be increased by a factor of over 1700. The highest absolute concentrations are reported for Cu, Zn, and Pb, equal to 1009, 11,460, and 25,800 ppm, respectively. No significant mobilization of heavy metals into the host rock is detected [35] .
As also summarized in Fig. 8 , when the host rock is shielded by thick, homogeneous and well-developed crusts, as those rich in calcite or gypsum, the near-surface concentration of heavy metals is lower on average, i.e., the absorption of pollutants is more limited. Calcite and gypsum tend to form microcrystalline domains more compact than the underlying host rock, so that mechanisms of dry and wet deposition of pollutants are hindered. This is confirmed by a higher content of heavy metals on the stone surfaces exhibiting only a weak incipient alteration, maybe only recently exposed (e.g., due to previous detachment of outer layers). On the other hand, non-uniform crusts, which do not entirely cover the host rock, represent an intermediate condition: storage of airborne carbonaceous particles and surface accumulation of metallic pollutants are enhanced because of a relatively high porosity, given by a mix of disaggregated host rock and uneven, incomplete and scarcely adhering crystallization of newly formed phases. In this case, an Finally, the relationship between trachyte sampling point and sample composition suggests the following considerations: the samples collected on the frontal sides of stringcourses or ashlars feature a higher concentration of carbonates on average, thus indicating a major incidence of calcite-rich alteration on vertical surfaces; the samples collected on the lower sides, including the gypsum crusts, display lower concentrations of heavy metals; no specific alteration trends dependent on the sampling site were recognized.
Correlation with air quality
Environmental setting
In order to establish a correlation between trachyte alteration and air quality, it is necessary to describe the environmental setting the stone interacts with.
Padua is a city of about 200,000 people in the Veneto region, northeastern Italy, located in the Po Plain about 20 km far from the Venetian Lagoon and 40 km from the coastline of the Adriatic Sea.
The climate is humid temperate (Köppen classification: "Cfa"). It features hot summers, with record maximum temperatures usually exceeding 35 °C, and mild to cold winters, when minimum temperatures may easily drop below 0 °C. The most humid period in the year is between fall and winter, whereas late-spring and summer months are the driest. Rainfall is concentrated during fall and spring, while winter has the lowest precipitation. Spring is usually the windiest season ( Table 3) .
The pH value of rainfall is from 5.5 to 6 on average, 1 which is the conventional value of unpolluted rainwater, i.e., 5.6 [36] . Concerning air quality, the most significant pollution sources in Padua, besides road traffic and domestic combustion, are the only two major industrial plants in the city area, namely a waste-to-energy incinerator and a steel plant, about 3 and 6 km far from downtown, respectively. Compared to the pollution measured in background areas, traffic zones present a concentration of NO x increased by a factor of 1.5, whereas near industrial plants the same increase in the concentration of SO 2 is registered, as well as an enrichment in heavy metals in the PM fraction, by a factor up to over 2 (Table 4) . Finally, 1 No recent institutional data are available, so the value indicated has been assumed from alternative sources: dated measurements in Padua [16] and Venice (RIDEP network, 1988), as well as recent datasets from mountain localities in Veneto (CONECOFOR network and TESAF, Padua). For proposing that pH value, lower accuracy of dated analyses, sampling location, and the general reduction of emissions during the last decades have been taken into account. , chemical, petrochemical and petroleum industries, refineries, thermal power stations, metallurgical industries, air separation and naturalgas processing plants, incinerators, etc. are operational. The emissions comprise mainly SO 2 , NO x , CO, PM, and VOC [37] [38] [39] , which are easily transported to Padua by winds having usually a NE direction.
Exogenous processes
The mineralogical and chemical identity of the alterations of Euganean trachyte can be related to air pollution, so that composition of the weathering crusts and patinas turns out to be a marker for the relevant environmental conditions and their evolution.
The enrichment in C and heavy metals can be traced back to the particulate deriving mostly from road traffic, emitted by diesel and gasoline-powered vehicles, and domestic combustion of woody biomass. These are the main sources of total suspended particulate (TSP) in Padua, according to the emission projections by ARPAV agency [40] 2 summarized in Fig. 9 . A further major Table 2 n/a n/a n/a n/a n/a 15 n/a source of particulate is fuel-free industrial processes in the steel mill ("productive processes"); as indicated in Table 4 , its emissions have a relatively high content of Pb, Ni, and As, so this can be directly related to the enrichment in heavy metals detected on the weathering crusts. By comparison, TSP produced by the local incinerator ("waste treatment and disposal") is almost negligible. If the contribution from the industrial area of Venice-Porto Marghera is also considered, a further supply of carbonaceous pollutants and heavy metals can be identified mainly from the power stations, refinery, petroleum industries, and the related employment of fuels and machines. Conditions of high air humidity and precipitation and strong wind are the most favorable for pollutant dispersion, so that summer can be considered the least dangerous season. Carbonaceous and metallic particles act as catalysts, so their accumulation enhance further stone alteration and crust growth [41] . Among other exogenous processes contributing to the weathering of Euganean trachyte, it is worth mentioning the possible reactions leading to the formation of the carbonate crusts. Considering the originally low concentration of calcite and dolomite in the host rock, the only plausible and consistent source for these phases is identified in lime and Mg-lime mortars used in the walls of Padua for joining trachyte blocks. Indeed, Ca carbonate Tables 1 and 2 may be dissolved from mortars by acid solutions and reprecipitate in basic ones; calcite is less stable, i.e., its dissolution is faster, when pH is lower than about 5-6: dissolution rate increases with increasing H + activity, in high-acidity regime, or CO 2 partial pressure, in low-acidity regime [42] [43] [44] . As reported above, average pH of rainfall in Padua is around 5.5-6, just around the limit of calcite stability. This means that pH fluctuations 3 to higher acidity may increase leachability of Ca carbonate from mortars; the resulting solution containing leached Ca(OH) 2 , thus an alkaline medium [36] , continues its short-range path, and may easily reach trachyte elements (especially subvertical substrates), wetting their surface and penetrating into pores; finally, calcite reprecipitates, taking advantage of the alkaline pH. Carbonate recrystallization episodes might be more common in summertime, whereas dissolution process possibly takes place more frequently during late fall and winter: in the cold season, atmosphere acidity is generally higher due to domestic heating and related emissions, and low temperatures increase calcite solubility [45] ; higher humidity and precipitation represent other favorable factors, as well as the recurrence of misty days, with fog being more acid than rainfall, with pH even below 4 [13, 36] .
The role of neighboring mortars acting as Ca source for trachyte weathering has been outlined by previous studies too [21, 22, 27] . It seems to be confirmed also 3 pH fluctuations of an aqueous solution can occur due to leaching of stones/mortars or solubilization of acid particles previously dry-deposited on their surface. Fluctuations also depend on the current general air quality and other large-scale factors: for example, a short drizzle or the initial stage of a rainfall are more acid, since the highly-soluble anthropogenic pollutants are first gathered; in a later stage, airborne alkaline agents reacting with slower kinetics and solubility-e.g., NH 3 from agricultural fertilizers, soil particles, wind-transported Saharan dust, etc.-make water pH increase [15, 16] .
by the formation of the gypsum crusts very close to a mortar joint, and the possible supply of quartz, sulfates, chlorides, etc. from the mortar aggregate. The layers of amorphous silica might develop from the dissolution of either the mortar or the rock-forming silicate minerals or glass-bearing domains in trachyte [46] . Quartz might be also derived by Saharan dust, long-range transported from Africa by Sirocco: when this wind rises to pass over the Alps further north than Padua, the desert particles, composed of silicates and carbonates, are scavenged by rainfall and may precipitate in the Po Plain [15, 16] .
On the other hand, the gypsum crusts might be also connected to anthropogenic air pollutants, i.e., to SO 2 oxidation and hydration and the well-known subsequent reaction of H 2 SO 4 with a Ca carbonate substrate, in this case formed on trachyte after mortar leaching. The high degree of fracturing of the underlying host rock suggests an initial penetration of Ca-rich solutions in the outer pores, then producing crystallization pressures during water evaporation up to rock failure. Gypsum possibly formed after subsequent Ca loading and growing outwards of the carbonate crystallization layer, on surfaces sheltered from direct rainfall and washing out. Concerning SO 2 supply, the most important contribution is given by the emissions of the steel mill. Anyway, the overall concentration of SO 2 is rather low in Padua and not comparable to that typical of big urban and industrial centers [13] , and presumably it was so even in the past. Thisother than the carbonate-poor composition of trachytejustifies the very limited extension of the gypsum crusts and their rare occurrence [47] . A hypothesis that can be completely discarded is the nucleation of gypsum directly from soot absorbing pollutants [48] , given its low concentration and, on the other hand, the large extension of the gypsum crusts. Industrial I Whole record n/a n/a n/a n/a n/a n/a 43.0 n/a n/a n/a n/a n/a n/a 37.9 Finally, it is worth reminding that no evident effect of interaction between trachyte and sea salts carried by wind or rainwater was noticed. Indeed, the typical weathering products connected to coastal environment identified in previous studies [22, 23] , in particular high concentrations of halite, were not found here. The scant chlorides detected have to be traced back to mortar composition instead, as stated above.
On the other hand, composition of the weathering products of Euganean trachyte can be compared to that detected in inland environment on Drachenfels trachyte studied by Graue et al. [27] . The main difference lies in a greater incidence of CaO enrichment and calcite recrystallization on surface alteration of Euganean trachyte, whereas the framboidal crusts analyzed on Drachenfels trachyte in an urban and industrial setting generally are thicker (centimetric size), richer in well-developed gypsum crystals, and may show stronger sulfation and higher concentration of heavy metals. Nevertheless, if Pb concentration is the term for comparison, that analyzed in the crusts and patinas of Euganean trachyte is often close to the typical values measured in European cities, i.e., from few hundreds ppm up to 2000 ppm [27] .
Stone leaching
Some features of the weathering crusts and patinas of Euganean trachyte can be explained by intrinsic factors, in particular the Fe-rich alterations. Microscopic examinations disclosed an enrichment in fine-grained Fe oxides and hydroxides and amorphous Fe in the proximity of biotite phenocrysts and, secondarily, magnetite and ilmenite crystals (Fig. 10) . This suggests Fe mobilization from the minerals by leaching and migration to surface, forming brown-reddish alteration layers. Leaching might have also occurred at the expense of mafic xenoliths [23] or pervasive migration fronts of Fe oxides/hydroxides, genetically linked to post-magmatic processes [32] . Leaching of biotite seems more likely, since solubility of magnetite and ilmenite is lower. Fe 2+ release from the octahedral layers of biotite is strongly pH dependent: rate of dissolution linearly increases with decreasing pH, but the reaction is significant only for values lower than 4-5 [49] [50] [51] . The environmental conditions leading to the formation of the Fe-rich crusts and patinas would be similar to those described for the calcite crusts, involving pH fluctuations around the limit of the stability field even of biotite; in this case, however, its lower leachability if compared to that of calcite requires a more acid environment for dissolution to get started. Finally, a minor contribution of PM to Fe enrichment of trachyte surfaces must be taken into account, however that is not the main source, as also confirmed by the absence of Fe compounds in the incoherent and powdery surface deposits of exogenous origin.
A leaching process of the host-rock has been supposed also with regard to dissolution of plagioclase and release of Ca 2+ cations, as an alternative or concurrent mechanism of formation of the calcite crusts. In Euganean trachyte, plagioclase represents one of the main mineral phases, it has a prevalent oligoclase-andesine composition with an average CaO content of 6% [32] , so theoretically it is a possible source of Ca [52, 53] . However, the overall CaO content of the bulk rock is rather low on average (1.4%, see Table 1 ). Additionally, in acid solutions, Ca leachability from plagioclase is rather low, especially taking calcite as a term of comparison or even Fe release from biotite [46, 54] . Leaching is also facilitated in fine-grained crystals, whereas plagioclases are among the coarsest phenocrysts in Euganean trachyte, even reaching a centimetric size. Moreover, clay minerals, typically resulting from feldspar alteration, were detected only in minor amounts (their concentration in the host rock is also rather low or negligible). For all these reasons, plagioclase cannot be considered the primary source of such a high concentration of carbonates in the crusts, although its contribution cannot be totally excluded.
Conclusions
The crusts and patinas of Euganean trachyte related to urban weathering have mostly limited thickness and extension. They are rich in heavy metals and carbonaceous matter, which promote further accumulation of pollutants, mainly derived from fuel use in road transport and domestic combustion, and, secondarily, shortand medium-range industrial emissions. These products are typically embedded in matrixes rich in calcite or Fe (either as oxides/hydroxides or amorphous components). The crusts and patinas also include grains of quartz, dolomite, and other minor components, such as metallic and aluminum-silicon particles, chlorides, etc. The high concentration of carbonates cannot derive from host rock components; pH-controlled dissolution, mobilization, and recrystallization of carbonates from nearby lime mortars used in joints seems the most plausible source of Ca. This process may also occur on seasonal basis, depending on pH fluctuations. A secondary and very limited source of Ca can be represented by dissolution of plagioclases. A more likely intrinsic process of alteration affects biotite and other Fe-bearing minerals, through pH-dependent leaching of Fe and its migration to surface. Other alteration forms recognized comprise powdery deposits and gypsum crusts, but they do not occur commonly. The latter possibly derive from the contribution of SO 2 pollutant, having a rather low concentration in the air though; the presence of sulfate impurities in mortar aggregate and their leaching can be alternatively invoked. 
